The effect of using an anodic layer with low density (~ 6×10 8 cm -2 ) of gold nanorods (GNR) in organic bulk heterojunction poly(3-hexylthiophene) (P3HT) and phenyl-C 61 -butyric acid methyl ester (PCBM) solar cells was studied. GNRs were deposited using several techniques, which produced various densities of GNRs on the anode layer. The anodic layers were characterized microscopically and spectroscopically. The power conversion efficiency and the shortcircuit current for experimental devices incorporating GNR anodic layer showed an enhancement of up to 18% as compared to the control device. The results suggest that the electric field in the P3HT:PCBM active layer was increased by the localized surface plasmon resonances in GNRs. The increase in the electric field enhanced the photo-generation of excitons in the active layer near the plasmon peak, which improved the short-circuit current and the overall power conversion efficiency. Interestingly, photovoltaic devices with a low density of GNRs in the anodic layer showed an increase in the power conversion efficiency that was superior to that of devices with a higher density of GNRs in the anodic layer. This suggests that although the anodic layer with a higher density of GNRs absorbed more light, part of this light was confined in the anodic layer itself, and prevented from reaching the active layer of the bulk heterojunction device. In such cases, the power conversion efficiency was even found to be decreased with respect to the value for the control device.
INTRODUCTION
Converting the solar radiation into electricity via organic solar cell (OSC) has recently attracted a great deal of solar energy researchers interest. Among the different types of solar cells, the exceptional features of OSCs such as flexibility, ease of processing, portability, and low cost of production make them most interesting for producing energy from light [1] [2] . So far, the highest reported efficient value of polymer/fullerene OSCs was made from a poly (3-hexylthiophene-2,5-diyl) (P3HT) polymer as a donor, and a phenyl-C 61 -butyric acid methyl ester (PCBM) fullerenederivative as an acceptor is up to 5% [2] [3] .
Efficient absorption of the solar radiation is a desirable goal to achieve a high-performance photovoltaic (PV) device. The high value of the absorption coefficient for OSCs (>10 5 cm -1
) allows a very thin active layer (~100 nm) to absorb a reasonable amount of the incident radiation [1] . However, due to the short diffusion length of excitons [1] [2] (~10-20 nm) the thickness of OSCs, or more specifically the thickness of the active layer (polymer/fullerene layer), has to be limited. If the thickness of the active layer is decreased, the amount of the absorbed light by the active layer is reduced and the total power conversion efficiency (PCE) can be as well [2] .
The introduction of the bulk heterojunction (BHJ) concept [4] [5] , allowing for the use of thicker active layer films, succeeded to achieve more efficient OSC devices by reducing the distance between donor/acceptor interface, which facilates the dissociation of excitons and enhances the PV performance. Although a thick active layer would absorb more light, a noticeable drop in the PCE was observed in this case [6] [7] . This was due to the increase in the device series resistance making the surface recombination of charge carriers becoming significant [7] .
Alternatively, it has been reported that inserting metallic nanoparticles (MNP) into OSC layers enhanced the light harvesting without increasing the thickness of the active layer [6] . The plasmonic effect in MNPs helped to concentrate more light on the active layer, thus to increase the absorption. Localized surface plasmon resonance (LSPR) in MNPs is a phenomenon of collective oscillations of conduction electrons upon light illumination, which enables more light absorption in the visible region of the spectrum. It has been reported that the PCE of OSCs increased by a factor of about 1.5 by incorporating silver and gold MNPs into the PV device layers [3] [6] [8] [9] [10] .
To our knowledge, there have been no previous inquiries on the impact of gold nanorods (GNRs) on the performance of OSCs. Hence in this study, the effect of depositing a GNRs layer on the top of OSC anodic electrode by simple coating methods such as spin-casting, drop-casting, and vertical deposition technique was investigated. A comparison between the efficiency of resulting devices was made.
EXPERIMENTAL DETAILS

Gold Nanorods
Chemicals and Materials
Hydrogen tetrachloroauric acid (HAuCl 4 ·3H 2 O), cetyltrimethylammonium bromide (CTAB), sodium borohydride (NaBH 4 ), silver nitrate (AgNO 3 ) and ascorbic acid (AA) were purchased from Sigma-Aldrich. Ultrapure deionized (DI) water (Millipore system) was used throughout the experiments. [11] a. Seed Solution: CTAB solution (2.5 ml, 0.2 M) was mixed with 1.5 ml of 1 mM HAuCl 4 ·3H 2 O and stirred for a while. Afterwards, 0.6 ml of ice-cold 0.01 M NaBH 4 was added to the stirred solution. As a result, a brownish-yellow seed solution is formed. Vigorous stirring of the seed solution was continued for 2 min. The solution was kept at 25°C after stirring.
Gold nanorods preparation
b. Growth solution:
The growth solution was prepared by mixing all the following components: 10 ml of 0.2 M CTAB, 560 μl of 4 mM AgNO 3 , 1 ml of 15 mM HAuCl 4 ·3H 2 O and 9 ml of DI water. Approximately 250 μl of AA (0.08 M) was slowly added to the mixture. The addition of ascorbic acid was conducted drop-wise; until the mixture became colourless after adding one quarter more of the total number of droplets to that point.
c. Nanorods colloidal solution:
The final step was the addition of 200 μl of the seed solution to the growth solution at 27-30°C. The colour of the resulted solution gradually changed into brownish-red within 10-20 min. The temperature of the growth medium was kept constant at 27-30°C during the full procedure.
The concentration of GNRs in the aqueous solution was calculated to be ~1.593×10
12 rods/mL, while the average aspect ratio was ~ 4 as it was revealed by transmission electron microscopy (TEM) (Fig. 1a) . Fig. 1b shows the UV-Vis spectrum for the GNR colloidal solution. The absorption maxima for both longitudinal and transverse modes were 715 nm and 520 respectively i 
Organ
TS AND DIS
th different den es in Fig. 3 . Th onic absorption rticles obtained n in Fig. 3a the GNRs ano enna [10] , increa ea. Due to its p ayer. This enha ch enlarges the [13] , or ense GNRs in agnetic profile d [8] .
found, GNR l , we tried to m study the effect The SEM imag 10 and 30 m he deposition t images for GNR UV-Vis spectra fo P3HT:PCBM/LiF b shows the in Table 2 summa ly deposited G he efficiency is device efficien ould be due to r due to the 'ho the anodic lay e in the active l ayers that prod maximize this e t of varying tim ges in Fig. 6 ith those s, the 30 %. This Table 2 . The PV parameters for pristine control devices and devices in the presence of GNRs at the incident power intensity of 100 mW/cm 2 under AM 1.5G filtered spectral illumination for different GNR vertical deposition times.
In this study, the PV parameters were determined at ±5 % error and the superior enhancement in the PCE due to 30 min vertical deposition of GNRs was reproducible. Yet, those results cannot be fully generalized as it depends very much on the concentration of GNRs in the colloidal solution. However, a general trend for the increase of PCE of organic solar cells can be envisioned. In addition, further investigations have to be done to study the effect of the surface treatment of the ITO-coated glass on the GNRs deposition.
CONCLUSION
This study demonstrates the influence on the PV performance of both density and alignment of GNRs that were deposited on the anodic layer of an organic solar cell by three simple methods, namely the drop-casting, spin-coating and vertical deposition. Due to the plasmonic effect, GNRs with density ~ 6 × 10 8 cm -2 produced by 30 min vertical deposition enhanced the PCE by up to 18%. The presence of localized surface plasmon resonances in GNRs would enhance the electric field in the active layer, which in turn improved the photo-generation of excitons in the bulk heterojunction blend, leading to a more efficient generation of charge carriers that increased the J sc by up to 16%. However, the results also suggest that a higher density of GNRs does not necessarily lead to improvements in the overall efficiency in all cases.
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